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We present the systematic study of the resonant tunneling spectroscopy on a series of ferromagnetic-semiconductor
Ga1−xMnxAs with the Mn content x from ∼0.01 to 3.2%. The Fermi level of Ga1−xMnxAs exists in the band gap
in the whole x region. The Fermi level is closest to the valence band (VB) at x=1.0% corresponding to the onset of
ferromagnetism near the metal-insulator transition (MIT), but it moves away from the VB as x increases or decreases
from 1.0%. This anomalous behavior of the Fermi level indicates that the ferromagnetism and MIT emerge in the
Mn-derived impurity band.
The origin of the ferromagnetism and the metal-insulator
transition (MIT) has been a long-debated issue in the pro-
totype ferromagnetic semiconductor GaMnAs.1–4 Previously,
the valence band (VB) conduction picture has been widely ac-
cepted in this material,5 where the MIT of GaMnAs was un-
derstood by the Fermi level crossing over the VB2,6 similarly
to p-type GaAs doped with non-magnetic acceptors such as
Be or Zn. The ferromagnetism in GaMnAs has been thought
to be induced by the VB holes interacting with the localized
d electrons of the Mn atoms.5,7 However, recently, many ex-
periments have shown the strong evidence that the Fermi level
exists in the impurity band (IB) in the band gap,4,8–21 which
requires reconsideration on the above scenario. Therefore, to
clarify the origin of the ferromagnetism and MIT in GaMnAs,
it is essential to precisely investigate the Fermi level position
and the VB structure of GaMnAs in the low Mn content region
including the onset of ferromagnetism and MIT.
Resonant tunneling spectroscopy is a powerful method to
investigate the VB structure and the Fermi level position in
GaMnAs with a precision of several meV. The advantage of
this method is that we can detect energy bands only with the
same wave-function symmetry as that of the p-wave func-
tions of the VB holes. Also, it is sensitive to the effective
mass of the energy bands. Furthermore, by carefully ana-
lyzing the quantum-well (QW) thickness dependence of the
resonant levels, we can avoid the unwanted effects induced
at the surface, which prevent the precise determination of the
VB or the Fermi level position.3,22 Recently, from the reso-
nant tunneling experiments in the double-barrier (DB) QW
heterostructures14,15 and the single-barrier structures with an
ultra-thin surface GaMnAs layer,16 it was shown that the
Fermi level exists in the band gap in Ga1−xMnxAs with the
Mn content x higher than ∼5%. In this Letter, we carefully
analyze the VB structure and the Fermi level position in a
series of Ga1−xMnxAs from the unexplored insulating region
(x=∼0.01%) to the metallic region (x=3.2%). We find that the
VB structure is not largely affected by the Mn doping and that
the Fermi level never crosses over the VB near the MIT: The
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FIG. 1. (a) Schematic device structures investigated in this study. d1,
d2, and d3 are the GaMnAs QW thickness. (b) VB lineups of AlAs /
GaMnAs QW / AlAs when the QW thickness is d1, d2, and d3. The
black solid and red dash-dotted lines correspond to the VB top and
Fermi level. The blue and orange lines correspond to the quantum
levels in heavy and light hole bands, respectively. (c) d dependence
of the quantum levels, where the blue and orange curves correspond
to the heavy and light hole bands, respectively.
Fermi level becomes closest to the VB at x=1.0% at the onset
of the ferromagnetism, but it moves away from the VB as x
increases or decreases from 1.0%. This anomalous behavior
of the Fermi level is completely different from that of GaAs
doped with other shallow acceptors.
Figure 1(a) shows the schematic device structures investi-
gated in this study. We grew DB-QW heterostructures com-
posed of (from the top to the bottom) Ga0.94Mn0.06As (20 nm)
/ AlAs (6 nm) / Ga1−xMnxAs QW (d nm) / AlAs (6 nm) /
GaAs:Be (100 nm, Be concentration: 1×18 cm−3) by low-
temperature molecular-beam epitaxy (MBE). Table I shows
the characteristics of the GaMnAs QW samples examined in
this study. The Mn content x of sample D-H, F2, and G2 was
determined by the x-ray diffraction measurements for the 100
nm-thick reference GaMnAs samples grown in the same con-
dition as that for the GaMnAs QW in each DB-QW sample.
We estimated x of sample A-C and C2 from an Arrhenius plot
of the Mn flux vs. the K-cell temperature obtained from the
flux data of sample D-H, F2, and G2. In this study, x was
varied from ∼0.01% to 3.2%. In this Mn content range, as x
increases, GaMnAs changes from insulating paramagnetic to
insulating ferromagnetic at x=∼1%. At 2%, it starts to show
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2TABLE I. Parameters and characteristics of the DB-QW samples
investigated in this study. x is the Mn content of the Ga1−xMnxAs
QW. TS is the growth temperature of the top AlAs barrier and the
GaMnAs QW. d and TC are the thickness and Curie temperature of
the GaMnAs QW, respectively. EF is the estimated energy distance
between the Fermi level and the VB top at the Γ point in the GaMnAs
QW.
Sample. x (%) TS (◦C) d (nm) TC (K) EF (meV)
Sample A ∼0.01 400 10 - 16 paramagnetic 60
Sample B ∼0.1 350 10 - 16 paramagnetic 35
Sample C ∼0.3 330 10 - 16 paramagnetic 25
Sample C2 ∼0.3 330 4 - 10 paramagnetic 25
Sample D 1.0 265 10 - 16 25 4
Sample E 1.2 260 10 - 16 30 6
Sample F 1.6 250 10 - 16 40 10
Sample F2 1.6 250 4 - 10 25 7
Sample G 2.3 240 10 - 16 45 17
Sample G2 2.3 240 4 - 10 30 12
Sample H 3.2 230 10 - 16 60 25
the metallic behavior, in which the resistivity decreases as
temperature T decreases at T < TC (Curie temperature). The
TC values of the Ga1−xMnxAs QW in sample D-H, F2, and
G2 were obtained from the temperature dependence of tun-
neling magnetoresistance (TMR) observed in these devices.
As shown in Table I, the Ga1−xMnxAs QW with x=1-3% has
lower TC than that of the surface Ga0.94Mn0.06As (60-70 K)
due to the low x in the QWs. To obtain the resonant tunnel-
ing diodes with various GaMnAs QW thickness d on a same
wafer, we linearly moved a shutter in front of the substrate
while growing the Ga1−xMnxAs QW, in which d was varied
from 10 nm to 16 nm within the wafer of 15× 10 mm2.23
Also, we prepared sample C2 (x=∼0.3%), F2 (x=1.6%), and
G2 (x=2.3%) with d from 4 nm to 10 nm, where the growth
conditions of sample C2, F2, and G2 are the same as those
of sample C (x=∼0.3%), F (x=1.6%), and G (x=2.3%) except
for d, respectively. The values of d were estimated from the
speed of the shutter. Although simple structures (GaMnAs /
AlAs / GaAs:Be single-barrier heterostructures) were used in
Ref. 16, they are not applicable for this study due to the low
Mn contents < ∼2% in the GaMnAs QW that we are using
here. The low Mn contents in the surface GaMnAs induce a
large depletion thickness at the surface, making an electrical
contact to the GaMnAs layer very difficult. Thus, the DB-QW
structures are the best structure for our current purpose. The
details about the preparation of the samples are described in
the supplemental material.24
Figure 1(b) shows the schematic VB profiles of the DB-
QW devices shown in Fig. 1(a). The black solid and red
dash-dotted lines indicate the VB top and Fermi level, respec-
tively. The blue and orange lines are the resonant levels of
the heavy hole (HH) and light hole (LH), respectively. Here,
the small exchange splitting is neglected for simplicity. Fig-
ure 1(c) shows the schematic d dependence of the resonant
levels. The resonant levels converge on the VB top energy EV
of the bulk GaMnAs as d increases. Since the Fermi level cor-
responds to the zero bias condition, the Fermi level position
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FIG. 2. VB diagram of the DB-QW devices used in the theoretical
calculation. The black solid and red dash-dotted lines are EV and the
Fermi level, respectively. The gray region is the band gap.
can be determined by measuring bias voltage corresponding
to EV in sufficiently wide d. The bias polarity is defined by
the voltage of the top GaMnAs electrode with respect to the
substrate.
Figure 2 shows the VB diagram of the investigated DB-
QW devices assumed in the following theoretical calculation
of the resonant levels. The black solid and red dash-dotted
lines are EV and the Fermi level, respectively. The gray re-
gion is the band gap. For the quantum level calculation, we
used the 4×4 Luttinger-Kohn k ·p Hamiltonian25 and transfer
matrix method.26 The VB offset between AlAs and GaMnAs
was assumed to be 0.55 eV. We assumed that the in-plain wave
vector k‖ is 0 during the tunneling, because holes are injected
from the GaAs:Be electrode in the negative bias region and
holes in the GaAs:Be electrode exist only around the Γ point.
For simplicity, the small band bending was neglected.24
Figure 3(a)-(h) show the color contour maps of the
d2I/dV 2-V as a function of d in sample A, C2, C, D, F2, F, G,
and H measured at 3.5 K in the negative bias region, respec-
tively. Here, the color-coded intensities are extrapolated from
the measured data at the d values corresponding to the white
dots shown at the top of these figures. The black square and
white triangle dots are calculated resonant peak bias voltages
VR of the HH and LH bands, respectively. EF is the energy
distance between EV and the Fermi level. Clear oscillations
due to the resonant tunneling are observed in all the d2I/dV 2-
V curves. Moreover, the resonant peak bias voltages become
smaller as d increases, which is well reproduced by the calcu-
lated d dependence of the resonant peak bias voltages. The EF
value is estimated by the following procedure. As d increases
to infinity, these resonant levels converge on a certain voltage
VVB corresponding to the valence band edge. The Fermi level
position corresponds to the zero bias. Experimentally, the
measured voltageV is proportional to the energy E (relative to
the Fermi level); V=sE. Therefore, VVB/s corresponds to the
energy distance EF between the Fermi level and EV. Then, the
d dependence ofVR is calculated from the equationVR=sER in
individual d. Here, ER is quantum level energy with respect to
the Fermi level. In the fitting, we slightly shifted the d value
to d′ in order to obtain the perfect fit. The value of d′ used in
the calculation was shown as the upper red ruler of the contour
maps. The necessity of this shift of d is due to the difficulty in
accurately controlling the relative positions between the sub-
strate shutter and the sample wafer inside the MBE chamber.
We note that, however, the thickness difference between d and
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FIG. 3. (a)-(h) The comparison between the calculated resonant levels and the experimentally obtained d2I/dV 2 data of (a) sample A, (b)
sample C2, (c) sample C, (d) sample D, (e) sample F2, (f) sample F, (g) sample G, and (h) sample H as functions of −V and d. The d2I/dV 2
intensity is expressed by color. Here, these color intensities are extrapolated from the measured data with d corresponding to the white dots
shown at the top of these figures. The connected black and white dots are the calculated resonant peak bias voltages VR of the HH and LH
bands, respectively. EF and d′ are defined in the main text.
d′ is only less than ∼3 nm. The s value corresponds to the ra-
tio of the total bias voltage to the voltage applied at the bottom
AlAs barrier. The s values are assumed to be 2.0 in this study.
Considering that s is 2 in ideal DB tunnel junctions26 and that
the interstitial Mn and its distribution variation in the QW are
sufficiently suppressed in the low x with the relatively high
growth temperature, the s=2.0 assumed in this study is suffi-
ciently reasonable. The color contour maps of the d2I/dV 2 in
all the samples are shown in the supplemental material.24
In Fig. 4, the blue circles are the EF values obtained in this
study. The green squares are the ones reported in Ref. 16.
The black pentagons are the thermal-activation energy Ea of
the Mn acceptors in GaAs obtained by the magneto-transport
measurements in Ref. 27. The pink curve is the calculated
Ea values obtained from the equation 0.11[1− (x/0.8)1/3]
mentioned in Ref. 27. Here, we selected 0.8% as the in-
tercept of x to fit the curve to the experimental data. The
gray dash-dotted, dashed, and solid curves are the calculated
EF by the valence-band anti-crossing model (VBAC)28 and
the free-electron approximation. In the VBAC, the impurity
level EImp are assumed to be 0.1, 0.05, and 0.01 eV, respec-
tively. Also, the anti-crossing coupling constant CMn is as-
sumed to be 0.18 eV. The free-electron approximation calcu-
lation for the Fermi level position in the IB is done by roughly
assuming the hole concentration p to be x/2 and the effec-
tive mass to be 10me,11 where me is the electron mass. Fig-
ure 4(b)-(d) show the VB and IB diagrams expected from this
study in the (b) insulating paramagnetic (x< 1%), (c) insulat-
ing ferromagnetic (x=1-2%), and (d) metallic ferromagnetic
(x > 2%) regions, respectively. The black solid curves cor-
respond to the VB. The blue dotted lines correspond to the
upper and bottom edges of the IB. The blue region repre-
sents the IB region. The red dash-dotted lines correspond
to the Fermi level. In the paramagnetic GaMnAs (x < 1%),
EF decreases as x increases, which is quantitatively consis-
tent with the activation-energy-lowering effect observed in
the magneto-transport measurements.27 This behavior is the
same as the one in the insulating region of the non-magnetic
accepter-doped p-type GaAs.29 The Fermi level behavior in
the paramagnetic region is caused by the screening effect due
to the heavy Mn doping, which makes the IB position close to
the VB. On the other hand, EF increases as x increases in the
ferromagnetic GaMnAs with x > 1%, which means that the
Fermi level moves away from the VB. This behavior is qual-
itatively explained by the VBAC model [the gray solid curve
in Fig. 4(a)]. The quantitative discrepancy between the ex-
perimental and calculated Fermi level is probably because is
probably because this calculation does not take into account
the screening and many body effects. This Fermi level behav-
ior in the ferromagnetic region means that the IB truly exists
in the ferromagnetic GaMnAs and the anti-crossing interac-
tion is induced by the electron-electron interaction.19
Figure 4(a) shows that the Fermi level exists in the IB in
the band gap in whole the x region, which suggests that the
ferromagnetism is strongly related to the IB. At the MIT bor-
der (x=∼2%), the Fermi level is still in the band gap, which
suggests that the MIT occurs in the IB. This behavior of the
Fermi level is completely different from that in the case of the
heavily-doped p-type GaAs with the non-magnetic acceptors
and contradicts the VB conduction picture, where the IB com-
pletely merges into the VB. The IB still exists in the metallic
GaMnAs, which means that the impurity states still remain in
the band gap. This is probably because the holes are trapped
into the acceptor states induced by p-d hybridized orbitals af-
ter the Coulomb potential completely screened.30,31 At the on-
set of the ferromagnetism (x=∼1%), the x dependence of the
Fermi level changes, which is thought to be induced by the
change of the main effect for determining the IB position from
the screening effect to the anti-crossing interaction. This must
give a clue to understanding the mechanism of the ferromag-
netism. We note that this anomalous behavior of the Fermi
level is not directly related to the MIT because the MIT and
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FIG. 4. (a) The blue circles and green squares are the EF values
obtained in this study and in Ref. 16, respectively. The black pen-
tagons are the Ea values reported in Ref. 27. The pink curve is the
calculated Ea obtained from the equation 0.11[1− (x/0.8)1/3]. The
gray dash-dotted, dashed, and solid curves are the calculated EF with
respect to EV by the VBAC model28 and the free-electron approxi-
mation. In the VBAC, EImp are assumed to be 0.1, 0.05, and 0.01
eV, respectively. The red dashed curve connects the EF values in
x > 1%. (b)-(d) The VB and IB diagrams of GaMnAs derived from
this study in the (b) insulating paramagnetic (x< 1%), (c) insulating
ferromagnetic (x=1-2%), and (d) metallic ferromagnetic (x> 2%) re-
gions. The black solid curves are the VB. The blue dotted lines are
the upper and bottom edges of the IB. The blue region represents the
IB region. The red dash-dotted lines are the Fermi level.
the turning up of the Fermi level position occur at slightly dif-
ferent value of x (1.5 - 2% and ∼1%, respectively).
In summary, we fabricated the DB heterostructures contain-
ing a Ga1−xMnxAs QW with various x. From the resonant
tunneling measurements in these structures, we found that the
Fermi level exists in IB in the band gap in the whole range of
x. When x is less than 1.0%, the Fermi level becomes close
to the VB top as x increases, which is induced by the screen-
ing effect. At x=1.0% around the emergence of the ferromag-
netism, the Fermi level becomes closest to the VB, where EF
is 4 meV. When x is larger than 1.0%, the Fermi level goes
further away from the VB top as x increases, which is qualita-
tively explained by the anti-crossing interaction. The anoma-
lous behavior of the Fermi level means that the ferromag-
netic GaMnAs is completely different from the non-magnetic
heavily-doped p-type GaAs, which indicates that the IB in the
ferromagnetic GaMnAs is composed of the p-d hybridized
orbitals. Our results clearly show that the ferromagnetism
and the MIT are strongly related to the formation of the Mn-
derived IB.
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